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SUMkARY 

A technique of tosbing .ind~ tunnel powered models has 
be-en developed as a result experience gained in the in- 
vestigation of the static longitudinal- and lateral-- stabil- 
ity and control characteristics of several powered models 
in the NAGA 7- by 10-foot -.;ind tunnel. As an important 
part of this technique, a minimum program of the tests 
considered necessary to specify satisfactorily the static 
stability and control character! sties for pro sent, -day air- 
planes has "boon tentatively established. 

■ A discussion of the conditions to bo investigated, 
methods of presenting and interpreting the data, and a 
suggested operating technique are given, Typicr.l tost 
data, illustrating some .of tho-effects of power on the 
characteristics of a model of a low-wing singlo-ongino 
airplane, are also presented. 



INTRODUCTION 



The National Advisory Committee for Aeronautics has 
undertaken an extensive investigation to determine the 
effects of propeller operation on the longitudinals and 
lateral- stability and control characteristics of modern, 
airplanes. The possible adverse effect of propeller oper- 
ation on stability and control characteristics has long 
been appreciated, but only recently has there been an in- 
crease in the power output of the engino-pr opelior unit to 
a point where the effects of propeller operation have bo- 
como definitely serious. 

The marked effects of propeller operation- on the aero- 
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dynamic characteristics of a go 4*1 of .1 typical single- 
engine , low-wing, pursuit-typo airpl-ne (fig. l) arc il- 
lustrated "by figures 2 to 5. She decrease in ctr.tic lo;i- 
gitudina?. stability end the change in longitudinal trim 
r e stilt in.™ from propeller operation are shown in figure 2 
and the increase in the control effectiveness crused by 
tho rlipjitream is illustrated in figure 3. She decrease 
in the effective dihedral caused by rower is illustrated 
in figure 4- and the effects of poxv'er on trim and weathor- 
eoch stability rre shown in figure 5. 

Ilethods for computing the effects of power on the 
static longitudinal stability are given in references 1 
and £ but, as the authors che-isclvos point out, the pro- 
cedure is difficult and uncertain at best. The method of 
calculation of power-on lateral-stability characteristics 
is even more vague. iho simplest solution to the pro Ta- 
lon is to run powor-on model tests, especially ninco the 
agreement obtained between powored-iaodel tests and flight 
tests indicatos that this method is quite accurate (fig. 6 

Methods of analyzing powor-on wind-tunnel data fcr 
dynamic flight conditions havo been discussed ir. reference 
S. Shis discussion indicated that the data obtained from 
powerod-modcl tests will not only give an excellent indi- 
cation of the probable static-stability characteristics of 
the airplano but also will permit a more accurate anrlyrsis 
for dynamic flight conditions. Shore are m.-ny important 
factors, however, that may advorsol;/- affect the flying 
qualities of an airplane, especially one with free cont- 
rols, but that cannot bo determined from wind-tunnel test 
.'~nd must thoroforo bo ignored in this discussion of aero- 
dynamic qualitios. Sheso factors include the excessive 
control friction present in many airplanes, the 1.-3 of 
sorvo-control systems, the weight moments of the control 
r.urfacos, and the clastic constants of the control system. 

Because powor-on tosts -ro generally more, ■jxponsivo, 
require an additional tunnc.i. operator, and usually require 
more time to run than ordinary tosts, the development of a 
simple operating procedure is important. 3Pur thcrr.oro , the 
number of tests made should be . the minimum number neee-;;-;ar 
to determine whether the stability and control character! 
tics of the rirplane will be satisfactory. 

L discussion of the conditions to be invest! ~r.t3i ana, 
a tentative minimum test program are presented in part I 
of this report, A suggested operating procedure is pre- 
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sented in part II. In' part III r.re given the results of 
some tests of a typical powered model as well as a dis- 
cussion of the effects of power on stability. 

I. CONDITIONS TO'BE INVEC2 IC-AT ED AND EE SES NECESSARY 

POifER CUNDIEIONS 
. General Conditions 



A prerequisite for the development of a satisfactory 
operating technique for powerod-model tests is the selec- 
tion of the airplane power conditions that should he simu 
lated. Inasmuch as the adverse, effects of power on the 
characteristics of the airplane result from the propeller 
slipstream and the direct propeller forces, reproduction 
of the power conditions for which the slipstream veloci- 
ties and propeller forces are -greatest will be desirable. 
As the airplane often operates without power, that is, 
with the propeller windmilling, and may have unsatisfac- 
tory characteristics in this condition, the windmilling 
state must also bo investigated. She propeller-removed 
condition is never encountered in flight, but data for 
this condition are always desirable for purposes of com- 
parison. 

Longitudinal Characteristics 

The airplane inv normal flight may operate over its 
speed range with any one of several power conditions, 
including level-flight power, constant . anglo-of -climb 
.power, constant power,' and idling engines. Wind-tunnel 
data nay bp obtained cither by simulating the appropriate 
power condition on the model throughout its angle-of- 
attack range or -by repeating the -angie-of-att ack tests at 
several valuo.s of constant thrust coefficient and then 
cross-plotting to the desired thrust coefficient (power 
condition) at each lift coefficient. Although this con- 
stant thrust . method of test procedure. is very simple, the 
number of tests necessary a:.'d the labor involved in cross- 
plotting the results makes it ' undesirable . 

Of the several airplane power conditions previously 
mentioned, the constant power condition is most generally 
satisfactory for routine investigations. It represents, a 
very frequent condition in flight, is quite readily re- 



prodt? ced in the wind tunnel; and requires no estimation of 
the ?.erodj'n?.aic characteristics of the airplane such as 
is required for the reproduction of level-flight power. 
Furthermore, it ma?" be made to represent the most severe 
conditions that are to "be encountered, because with con- 
stant full-rated power the maximum possible thrust coeffi- 
cients at any lift coefficient are obtained. She strtic 
stability measured in the tunnel with constant powor op- 
oration will corr 3 spond closely to the stability encoun- 
tered in flight, because the normal method of dotorninir..~ 
the -stability of an eirplane Ir to measure its r-bilit?* to 
return to an original steady-state condition after being 
displaced slightly from that condition. Ihrou.eh.out this 
cycle fro:.: steady state to steady state, the throttle is 
left fixed, a condition corresponding approximately to 
that of eorstant powor outptxt . The condition of constant 
power ou'/-put applies throughout the flight range, rorard- 
lost of the amount of power; thus, if the power used is 
.greater than the power 3000:3117 to .maintain level flight 
at, the given lift coefficient, the airplane climbs; if 
loss, the airplane dives. In any case, however, rtr. equi- 
librium, or stoady-stato condition for which the stability 
si .ay be determined, if altitude changes are neglected, in 
soon reached. • 

She .ilopo of the curve of pitching moment against lift 
obtained by constant powor operation is a measure of the 
static longitudinal stability of the r.irpiano operating 
under similar conditions. 2t has 'boor, shown that this 
slope is approximately proportional to the dynamic- 
stability constant E of classic stability theory. Ehio 
result might have been expected since th» dynamic- stability 
constant B defines the long-period oscillations in which 
the various changes occur slowly enough for the engine- 
propeller unit to maintain r condition "of constant power 
output. For short-period oscillations, however, which oc- 
cur co fast that the engine-propeller-unit characteris- 
tics do not have time to chan7e and ere therefore more 
nearly at constant thrust conditions *han at conut^nt 
power conditions., the representation r.ay not be valid. 
As will bo pointed out later by proper crocs-plotting, the 
constant-thrust ] ongitudinal- stability curves may bo de- 
termined from the wind-tunnel data obtained for constant 
p o w er co n d i t io n s . 

As th-, net effect of propeller opernt.ion is usually 
.adverse for conventional tractor airplanes and as the fly- 
ing qualities of the 'airplane are usually most affected 
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when maximum power is applied, it is considered desirable 
to determine the stability and control characteristics at 
tho flight condition of full-rated (or take-off) power as 
the most severe case to be encountered. The axial slip- 
stream velocity corresponding to a given power condition 
is largest when the air density is greatest; thus the max- 
imum adverse power effects will usually, be encountered 
with full-rated power at sea-level altitude, where the air 
is most dense. 

The stability characteristics of the airplane should 
also be checked at one or more intermediate power condi- 
tions, because there are possible arrangements of air- 
planes for which the net effects of power are stabilizing. 
3For example, the longitudinal . stability is increased by 
power if the' thrust axis is far enough above tho center of 
gravity, Thus, the partial-power condition may be the 
critical condition, 

Partial-power tests are also necessary in order to 
obtain the longitudinal-stability characteristics at var- 
ious values of constant thrust coefficient by proper 
cross-plotting, Tho stability characteristics for con- 
stant thrust conditions determine the power-on stability 
derivatives, and must therefore be used in computing tho 
motions of the airplane. 

As vas shown in figure 3, tho windmi lling or idling 
propeller has a rather powerful destabilizing influence. 
Inasmuch as the propeller is frequently idled during tho 
operation of the airplanes, it is necessary to investi- 
gate tho stability characteristics for this condition of 
propeller operation. In the case of idling propeller, 
tho air stream for cos tho propeller to rotate against tho 
engine f r ict ion- f or cc s • Thus, tho mechanical condition 
of tho* engine, tho flight speed, and the setting of the 
propeller-speed mechanism determine the amount of nega- 
tive thrust developed by the propeller. Tests indicate, 
however, that the amount of negative thrust is not very 
critical for the usual flight conditions. For tests of 
models of dive bombers with braking propellers, the prob- 
lem may be more critical and some attempt" to simulate the 
exact airplane engine-propeller characteristics for these 
conditions should probably be made. 
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Lateral Characteristics 

The lateral- stability and control character i sties of 
the airplane are markedly influenced by the axial slip- 
stream velocity and the slipstream rotation. The power 
conditions for which these factors are large should there- 
fore he investigated. It should he noted that, because 
the latere! characteristics are invest i gat od at a con- 
stant angle of attack, the tests will actually bo made at 
a constant thrust coefficient. Che value of the thrust 
coefficient, however , is determined "by the p or/or condi- 
tions to he simulated. The rotational velocities arc moro 
important in the lat oral-stability investigation than in 
the longitudinal-stability invo ctigati ons . Eor this rea- 
son the rotational- velocities should he reproduced (see 
part II ) rather accurately. If it \a impossible to re- 
produce them -with any one blade angle, it vill be neces- 
sary to repeat some of the ijsts with a raneo of blade 
angles and extrapolate the results to the torque coeffi- 
cient of t"-c airplane for the desired condition; 

Soiie of the latoral characteristics, such r s rudder 
effectiveness and woathorcock stability, are usually in- 
proved by power.- Thus, thoso factors-may bo satisfactory 
for powor-on flight but undosirably snail for gliding. 
She condition of windmilling propellers should therefore 
bo investigated. 

FLIGHT CONDITIONS 
General Conditions 

The basic conditions of flight arc the talco-cff, kho 
climbing, the gliding, the landing, and the stalled <"<r 
spinning conditions. : In general., each of these flight 
conditions must be investigated with the various ropro- 
pontativo power conditions that may be oncoi-.nt or cd for the 
particular flight condition. Thus, full-r •-■ ted power should 
be used for take-off, climbing, ■ landing ,■ end stalled flight; 
about half-rated power should bo-usod for the- climbing a::d 
landing conditions; and windniilling- propellers should be^ 
used for gliding, landing, and stalled states. The climb- 
ing- and gliding-flight conditions should be investigated 
over the complete lift-coefficient range of the airplane, 
from the minimum lift coefficient (dive) to the .maximum 
lift coefficient. Negative lift coefficients (invortud 
flight) should also be investigated for highly maneuver- 



able airplanes, Tho take-off and tho landing condition 
need "do investigated only over tho moderate- and tho 
high-lift range. 

She position of the wing flap, of the landing gear, 
of the cowl flap, otc» on the model should correspond to 
that on the airplane at the flight condition to "be in- 
vestigated. If the airplane is designed to take off with 
flaps undo fleeted, however, some of the tests for the 
climbing condition may be used as approximations to the 
take-off condition since the power . condit i on is nearly the 
.same .and the positions of the-- cowl flap and the landing 
gear are usually not of too great, importance in stability 
investigations. Similarly, if the airplane is to. take 
off with flaps fully . deflected, some of the landing- 
condition tests with full power may "be used to give an in- 
dication of the take-off characteristics,. : 

The longitudinal- and " atoral-stahility , the. control, 
and the trim characteristics should "be investigated for 
each of the combinations of attitude and power unless, for 
some special reason, it is -known that the model under test 
will be satisfactory for a particular condition. Such is 
of ton tho case when, for instance, only minor modifica- 
tions have been made on an existing design that has al- 
ready been. proved satisfactory. It will then be necessary 
to test the model for only the few characteristics that 
may have been altered by the modifications. Sven in an 
investigation of a completely new design, lack of time 
and money makes it practically impossible to test the mod- 
el for all flight conditions. It is thus necesscry to 
make some attempt to. determine the probable critical 
f 11 'jht conditions and to restrict the investigation to 
those conditions* 

Any attempt to specify the probably critical condi- 
tions that may be encountered in flight must ■ be based on 
past experience and is thereby limited to conventional 
types of airplane. Although Many of these critical condi- 
tions are not actually dangerous, thoy definitely affect 
the' flying qualities of the airplane adversely. 



Longitudinal Characteristics 

Pr obable critical flight condit io-ns ,-■ The elevator 
movement required to trim the airplane over the complete^., 
speed range is considered ar excellent measure of static 



stability "by pilots and flight-tost engineers. (Soo rof- 
cronce 4.) Shis elevator movement is very small for most 
modern high-power airplanes in the cruising of dialing 
condition. Excessive control manipulation is c onseouontly 
required, in gusty air. furthermore, the stick position 
will give little indication of the flight attitude and the 
airplane may be inadvertently stalled* Che small elevator 
movement is usually most marked for flight conditions in 
which largo amounts of power arc used throughout the speed 
range. 

She stick-force characteristics are no "bettor crite- 
rion of the flight opced than is the stick position and, 
in addition, the stick-force characteristics may be masked 
by excessive friction. These forces also depend critic- 
ally upon the trim-tab seating. The low longitudinal sta- 
bility usually makes the trim tab appear tco sensitive 
and, inasmuch as the variation of elevator-control force 
with lift coefficient is determined by the trim-tab set- 
ting, it is necessary, to determine the effectiveness of 
the trim tabs. The control forces may be critical for al- 
most any flight condition. 

The change in trim caused by the application of power 
may bo critical, especially if the power must "be applied so 
rapidly that the elevator cannot be deflected in time to 
maintain trim conditions. Such a situation may arise if 
the trim tabs cannot be adjusted rapidly enough to keep the 
stick forces reasonably low. Some of the flight condi- 
tions under which sudden changes in the applied power would 
bo encountered are as follows: during the landing approach 
when for some reason the airpln.no cannot land and- take-off 
power must be applied rapidly; during the take-off whore 
the engine fails, at least temporarily; in climbing flight 
v-hen the engine fails; and in gliding or cruising flight 
of a military airplane, which must suddenly escape the en- 
emy by applying full power. As the greatest trim cha.ngos 
£uo to power arc usually found for the flap-deflected con- 
dition, the application of tako-off power to the airplane 
in the landing condition is perhaps the most critical of 
these possible conditions. 

Some other flight conditions, in which tho charactor- 
it5ties of tho airplane may be unsatisfactory or even crit- 
ical, mav be mentioned as follows: In landing, the ele- 
vator may not bri powerful enough to hold the airplane in 
the fttitutlo for maximum lift because of tho effect of the 
ground on the stability (reference 5). In accelerated 
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maneuvers, the required elevator deflections may "be un- 
obtainable because the stick forces exceed the pilot's 
strength (reference 3), In a stall or spin, the elevator 
effectiveness may be inadequate or the stick forces too 
high for recovery. In any flight attitude with free con- 
trols, the stability will depend upon the trim-tab set- 
ting and may be undesirably low. , 

Il ecessary tests .- In many cases, fortunately, the same 
series of test's may be used to estimate the characteristics 
of the airplane for several of the probable critical con- 
ditions already described as well as to determine certain 
model characteristics that must be used to correct the 
tunnel data to flight conditions, The operating procedure 
will be described in part II. The lift, the drag, the 
pitching moment, the power parameters - thrust coofficiont, 
torque coofficiont, advance-diameter ratio, efficiency, 
and blade angle - and tho olovator hinge moments are meas- 
ured at various angles of attack from almost zero lift to 
tho stall for several olovator and stabilizer, settings for 
tho various .modol and power conditions to be investigated . 
A fqw olovator tosts should bo run with the model simulat- 
ing $ho climbing and tho gliding conditions at angles of 
attack abovo tho stall to dotormino tho olovator and sta- 
bility characteristics in a stall or a spin, and spmb ol- 
ovator tests should be run at negative lift coefficient's 
to determine the characteristics for conditions simulat- 
ing inverted flight for highly maneuverable airplanes. 
The effect of the trim tab upon the stick-forco character- 
istics for some of the conditions must also be checked. 
Elevator-free tests need not be run, because the hinge 
moments are measured in the elevator tests and, by proper" 
cross-plotting, the elevator-free characteristics may be 
determined. If it is impossible to measure the hinge mo-, 
ments, however, elevator-free tests should, be made. Che 
effect of trim-tab setting upon the elevator-free charac- 
teristics should be checked. 

Tail— removed tests should be mado to facilitate analy- 
sis of the data, although such tests are not absolutely 
necessary. Those tail-removed tests are highly important 
if the original tail surfaces arc unsat i sf act ory and must' 
be redesigned. Air-flow surveys at the tail region arc 
also very desirable. 

The purpose of the stabilizer tests is twofold: 
first, to determine the stabilizer setting required to 
trim the airplane in tho cruising attitude, and second, to 
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determine the stabilizer ef f ectivenees bC„/Bi^ for the 
various power and model conditions, where C m is pitching- 
moment coefficient and i^ is stabilizer angle. (All sym- 
bols used hereafter in the test are completely defined in 
the appendix,) The stabilizer-ef f ectivone ss data are used 
to correct the ireasured wind-tunnel pi tching-moment d:;ta 
for the effects of the jet boundary as well as to -jive a 
measure of the air-flow velocity at the tail surfaces 
(amount of slipstream passing over the tail, etc.). Tests 
with two different stabilizer settings are required for 
each model and power condition to be invo r>t i ;:atod . Tho 
stabilizer settings should bracket the conditions, of trim 
within, tho flight ran go and should bo at least 3 .-.part to 
maintain a reasonable decree of accuracy. 

Ehs elevator tests are made with the stabilizer sot 
as it will bo on tho airplane, probably to trim at tho 
cruising attitude. About three or four elevator settings 
ere usually necessary for each model and power condition 
to be tested. The elevator settings arc so choson ns to 
trim tho model over the complete lift, range. Those el ova— 
toi* tests may bo usod to estimate tho probable character- 
istics of tho airplane at tho various critical conditions. 
Tho olovator movomont required to trim tho airplane ovor 
tho complete speed rango, the elevator stick-forco charac- 
teristics, the changes in p itching-moment and stick-force 
trim conditions due to power, the effect of changing the 
center-of-gravity location, the effectiveness of tho ele- 
vator in producing accelerated maneuvers, and the eleva- 
tor effectiveness and stick forces in a stall or spin may 
all be determined from these tests. 

The tests to determine the elevr\tor effectiveness for 
landing should be made in the presence of r. ground board. 
(Sec reference 5 for a description of such tests.) If, 
however, it is impossible to ratko ground-board tests, tho 
additional effects due to ground may bo estimated from the- 
oretical considerations. 

Tests to determine the optimum mode of propeller ro- 
tation for multicngine airplanes should bo made if tho 
mode is not determined "by other considerations. 

Presentation and- anal-sis of data .- When the airplane 
is in equilibrium flight, that is, in a steedy-stato con- 
dition, it is always trimmed (C r = o) . The model n>?*?d not 
necessarily be trimmed when tested, but to analyze the test 
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date correctly,, it is necessary to determine the static- 
stability characteristics for trim conditions, since the 
static stability does depend upon the initial tail load 
(elevator setting) for power-on tests in which constant 
power operation is used. The usual measure of static 
longitudinal stability is the slope of the pitching-moment 
curve dC m /dC;L. The slope of the . pitching-moment curve 
dO m /dOL must therefore be determined at C m = 0 for each 
elevator sotting tested and then plotted as a function of 
the trim lift coefficient. Another measure of static lon- 
gitudinal stability is, simply, the elevator angle re- 
quired to trim the airplane over the lift range. The two 
measures of static stability are closely related. For 
qualitative work the elevator movement required to trim 
the airplane over the complete speed range is not only a 
good measure of stability but also allows direct compari- 
son with flight because it is readily determined in flight 
tests. 

The stick-free stability characteristics should be 
determined for trimmed conditions (trim by means of tabs) 
also. The plot of elevator angle for trim as a function 
of lift coofficient such as is usod to define the stick- 
fixed characteristics will not define the stick-free char- 
acteristics, however, because the curves would be the 
same (stick free or stick fixed) for any given model or 
power condition, The actual slopes of the pitching-moment 
curves at 0 m = 0 (for the trim-tab setting for 0h e = 0) 
must be used for the analysis. Jor purposes of comparison 
it will be advantageous to have the slopes ^m/^L f or 
the stick-fixed condition also. Thus it will usually be 
simpler to analyse the data for static stability and for 
trim if it is summarised by plotting elevator angle re- 
quired to trim against lift coefficient for each model and 
power condition tested and for each- center~of -gravity lo- 
cation to be used and also by plotting the. trimmed slopes 
dO m /dCi, as functions of lift coefficient for the stick- 
free and the stick-fixed conditions. 

I 

If it is desired to calculate either the. motions of 
the airplane or its short-period dynami c- stability charac- 
teristics, it will be necessary to cross-plot the constant- 
power pitching-moment curves to obtain constant-thrust 
pitching-moment curves. The slope of the constant-thrust 
curves is 3C ra /da (the change in pitching moment duo only 
to a change in angle of attack) , and the slope of the 
constant-power curves is dOjn/dcc, (the complete change in 
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pitching moment due to a change in ■both angle of attack 
and forward velocity)-. I he elevator effectiveness 
dCr-i/Sfio must also "be determined as a function of lift co- 
efficient for the dynamic-stability calcula.t i ens . 

Che methods of analyzing wind-tunnel data for dynamic 
flight conditions given in reference 3 nay "bo used to com- 
pute the -ability of the elovgtorg to perform accelerated 
maneuvers and to determine ■ whether tho stick forces in ac- 
celerated maneuvers will become excessive. 

Che hingo-moment data must- bo examined rather criti- 
cally in order to dotorniiio whether the stick forces will 
ever become excessive fcr any trim-tab setting likely to 
. "bi. used. Che measure! hinge-moment characteristics must 
bo converted to stick force so that thoy will be in exact- 
ly tho units, pounds, that tho pilot will have to exert. 
Che trim-tab data are quit a important because the varia- 
tion of elevator stick force with lift coefficient depends 
critically upon the trim-tab sotting. She trim-tab datp 
*'.re alyo important in computing tho stick-free stability 
characteristics. 

If tail-romovod tests arc made, tho increment of 
pitching moment duo to the. tail and thus the tail load 
may be calculated. A knowledge of the contribution of the 
tail to the pitching moments of the complete airplane is 
necessary, provided .that the stability or the control 
characteristics are unsatisfactory and a new tail is to be 
designed. Also, if surveys are. made of the air flow at 
the tail, redesigning the tail surfaces will bo greatly 
facilitated. - 

Lateral Characteristics 

Pro bable cri tical flight conditions .- Large .changes 

in longitudinal trim arc associated with sideslip under 
powor- for most singlo-ongino end for many -rait i engine air- 
planes* She |tria changes occurring at modorate angles of 
sideslip are often so large that the olevator power avail- 
able is not adequate to maintain ovon moderate angle of 
sideslip without having the airplane dive or stall out of 
the sideslip. 

She problem of trimming the airplane in roll and in 
yaw with large amounts of power or with unsymmetri cal power 
in multiosngine airplanes is always difficult and often 
critical, Chvis, either "because the controls' lack cuffi- 



lo 



cient power or "because the control forces are too high to 
permit large deflections, it nay not be possible to hold 
the airplane at zero yaw when operating with unsymmetri cal 
pov/er. Single-engine airplanes are also likely to experi- 
ence trouble in this respect because of slipstream-rota- 
tion. In some cases, full rudder is required to hold the 
airplane at zero yaw with flaps down and full power. Trim 
changes in roll caused by motor torque have also been 
found objectionable on several airplanes. All these trim 
changes are most marked in those '.flight conditions in 
which the speed is low and the power applied is large. 

Inasmuch as power usually increases the vcluo of 
dC n /3\|/ (either rudder fixed or free) at small angles of 
yaw, the flight condition at which the directional stabil- 
ity is most likely to bo unsatisfactory is the landing 
condition v/hon the propeller is windmilling. At largo an- 
gles, of yaw with the rudder fixed or free, the directional 
characteristics are, probably the least satisfactory under 
the high-thrust condition. 

Tho slope of the r olling-momont curve dCi/Bty is a 
measure of the effective dihedral, a value of about 0.0003 
boing equivalent to 1° of dihedral. (Seo roforenco S>) 
The infiuonco of powor on the dihedral is quite marked. 
For one singlo-ongino model tested in the ^-^7 10-foot 
tunnel the offoctivo dihedral was reduced 10 by about 70- 
porcont rated powor applied in the landing condition. 
Mtilticngine models usually do not lose as much dihedral 
effect when powor is applied as single-engine models. She 
loss, in effective dihedral caused by power is usually 
greatest for conditions of slow-flight speed with flaps de- 
flected' and with high power. 

She stability and trim characteristics are affected 
by the direction of rotation of the propellers of multi- 
engine airplanes. It is thus important to determine the 
mode of rotation giving the most desirable characteristics. 
.Since longitudinal stability characteristics are also af- 
fected, a compromise may be necessary. 

An airplane, to be satisfactory under all conditions, 
should possess not only static stability but dynamic sta- 
bility. Dynamic stability requires that the weathercock 
stability and the effective ".ihedral lie within certain 
limits, These limits depend not only on the various aero- 
dynamic characteristics of the airplane but also upon the 
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radii of gyration, the aass density of the airplane, r.nd 
the control-surface character! st 1 cs for control-free 
flight. Desirable Units of the staticwstability critori- 
ons for a particular airplane nay "be estimated by use of 
references 7, 8, and 9. Inasmuch as the static-stability 
characteristics vary through the flight range, it will "be 
necessary to determine whether these characteristics lie 
within the required Units for each condition of flight. 

Hecessary tests .- It would, of course, "be desirable 
to make lateral-stability (yaw) tests simulating each of 
the 'basic flight conditions at all lift coefficients. As 
the nunber of tests is prohibitive, however, only a few 
basic conditions at representative lift coefficients are 
chosen for tests. Eor nost routine investigations those 
conditions are the high-speed attitude with full power , a 
climbing attitude (moderate lift coefficient with flaps 
neutral or partialis deflected), with full power, and tho 
landing attitude (2 below the power-off stall with flaps 
full down) with winlnilling propellers and with full power 
Partial-power and power-off tests should be included, if 
possible, to show the effect of power. 

Each basic condition should 0 bo investigated through- 
out the yaw range from 0 to *50 , tho xisual six compo- 
nents, the power parameters, and the rudder hinge moments 
for several rudder and one or two elevator settings bein/,' 
dotornined. Care aunt bo naintained to select the values 
of rudder deflection to be investigated in such o. way that 
will trim tho modol over tho complete yaw. range, including; 
both positive and negative angles. As the elevator effec- 
tiveness for power-on te.sts varies with- an^le jf yaw, el- 
evator tests should be made' in yaw to determine whether 
the elevators are powerful enough to hold a given in fie 
of sideslip. Aileron tests ire usually made for the high- 
speed and the landing conditions and. may be made with 
practically any power condition convenient • Che neasuro- 
ments necessary for the aileron tests are the usual six 
components and the aileron hinge moments. 

Ehe so tests constitute the minimum number of tests 
necessary to estimate the lat oral-stebility and control 
characteristics of the airplane. If tho characteristics 
prove unsatisfactory or if a more detailed study of tho 
characteristics of the airplane is .desired, additional 
tests must be made. The recommended additional teste are 
the tail-removed tests, poivor-en and power- off, and sur- 
veys of the air flow (dynamic pressure and direction) at 
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the tail. These tests greatly simplify the problem of re- 
designing the tail surfaces, if redesigning is necessary. 

Presentation and analysis of data. - The lateral- 
stability data obtained from the r. odel tests should bo 
analyzed for steady-state trimmed-f light conditions. It 
is difficult tc obtain data for tfco model trimmed with re- 
spect to all tb.'ee axes: pitch, roll, and yaw.- There - are 
two practical -.nthods of obtaining data for t rimmed" condi- 
tions. 

One method is to transfer the. data from the usual 
wind-tunnel .balance axes (the wind a-ces) to some other, 
system of axes such that the deflect Lon of any one of the 
three controls will affect only the raiments about the 
axis that control is normally designed to affect and will 
not appreciably affect the moments about either of the ' 
other two axes. For example, in orJ3r to determine the 
effective dihedral (BCj, /Sty) ' it is necessary to have the 
model trimmed in pitch and in yaw; i>-f;herwise , components 
of pitching moment and of yawing mom. <nt will.be present 
in the rolling moment. If, however, the data are trans- 
ferred to a system of body axes such that the X axis lies 
in the plane of symmetry, no component of pitching moment 
about the Y axis due to elevator deflection can affect 
the rolling moment about- the X axis. If the X axis not- 
only lies in the plane of symmetry but' also passes through 
the center of pressure of the verticeJ, tail surface, no 
component of yawing moment about the Z' axis due to rudder 
deflection can affect the rolling momer.it about the X axis. 

After the transfer has been made, - the slopes B0_/3ty' 
and 3Ci,/3ty may be easily determined for trim conditions, 
because the other moments have no effect about these axes. 
For most airplane models the components of rolling moment 
due to rudder deflection are rather small, because 'the cen- 
ter of pressure of the tail is usually fairly near t he rel- 
ative wind vector through the center of gravity, at least 
for the critical case of minimum speed (with high thrust 
coefficients). Thus, the component of rolling moment due 
to rudder deflection may generally be neglected and it will 
be necessary only to transfer the data to the so-called 
stability axes instead of to the body axes. Transferring 
the data to the stability axes is simpler chan transferring 
them to the body axes. The stability axes are a system of 
axes in which the X axis is the intersection of the plane 
of symmetry of the airplane with a plane perpendicular to 
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the plane' of symmetry and parallel with the relative wind 
direction, the Y axis is perpendicular to the plane of 
symmetry, and the Z axis is in the plane of symmetry £>rd 
perpendicular to the X axis. It must be emphasized that 
the use of this s^rstem of axes corrects the data for un- 
t rimmed* pitching moments only. Another advantage of the 
use of the stability axes is that this system of axes is 
most easily used for dynamic-stability- calculations. For 
the convenience of the tunnel operator, . tne basic trans- 
fer equations from the wind to the stability axes along 
with some approximate slope equations that apply at an- 
gles of aw near zero only are herewith, presented: 
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Approximate slope equations at small angles of yaw are 
3\p a\V + 57. 3 



30 _ 3C t t c 0 n t 

3\y 3\j/ b 57.3 K } 

3C n 3C n ' 

= (For any angle of yaw) (9) 

3\i/ dii 

where a single prime indicates wind axes and no prime in- 
dicates stobility axes. 

The second method of obtaining data for the model in 
trimmed flight is to cross-plot directly the wind-axes 
data (tunnel data transferred only to the center of grav- 
ity of the model) in order to determine the control de- 
flections necessary to trim the model about all three axon. 
This method assumes no interaction or interference between 
the controls and the cross plots have to be made in the 
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style of successive approximations. The labor involved, 
however, will usually bo less than the labor involved In 
the transfer to the stability axes before the cross plots 
are made, (The cross plots must bo made to analyze the 
data properly.) 

The. plots of the control-surface deflection necessary 
to trim the model at each angle of steady sideslip are not 
only convenient summary plots because they give a direct 
measure of the stability ,' control , and trim characteris- 
tics but also may bo directly compared with results of 
flight tests. The angle of bank necessary to counteract 
the lateral force may also. be computed for comparison with 
the angle of bank measured during flight tests, if de- 
sired. Part of the measured lateral force is due to the 
rudder setting, and the valuo of the lateral force used 
consequently depends upon the control deflections required 
for trim. 

In order to calculate the motions of the airplane- and 
the dynamic-stability characteristics, .it is neces.sary to 
have the trim slopes of the rolling-moment, yawing-moment , 
and lateral-force curves near zero yaw. These slopes are 
to be obtained with respect to the stability axes but may 
be obtained from the original wind-axes data. and corrected 
to the stability axes by use of the approximate slope for- 
mulas previously given. 

The direct effect of the controls (BC n /d5 r and 
9Cj/d5 a ) and the secondary effects ■ (30 n /d5 a and 60^/B5 r ) 

should be determined about the stability axes. For prac- 
tical purposes wind-axes data may 'be used provided that the 
rolling effectiveness of the lateral controls is deter- 
mined at zero yaw where the wind and ■ stability axes are the 
same, since the yawing moment is always the same about ei- 
ther the wind or the stability axes. These data are of 
value both for comparison of static data and for dynamic- 
stability and re suiting-motion calculations. These calcu- 
lations must be made if it is desired to estimate the ef- 
fectiveness of the control surface in producing the do- 
sired motions of an airplane because the coupling of the 
yawing and rolling motions resulting from small control 
deflections may generate motions opposite to those that 
the control deflect ions' wore designed to produce. The pc- 1 
riod and clamping of any oscillation should bo estimated 
for the various flight conditions. 
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Iho control forces and of f ecciveno r>s required for. 
spin recoveries must also be checked, insofar as possible, 
with the static data available from the tests r.ado . 



Summary of Tests Eeauired 

A summary of the tests required for a routine inves- 
tigation of the static-stability and control characteris- 
tics of a model is presented in tables I and II. 3he num- 
ber of tests indicated is believed to be the smallest num- 
ber consistent with a satisfactory determination of the 
static-stability characteristics. As pointed out previous 
ly, for a more complete investigation it would be desir- 
able to increase the number of power and model conditions, 
to add propeller-removed tests, ground-board tests, tail- 
removed tests, and dynamic-pressure and angle surveys at 
the tail, J or multiengine models all tests should be re- 
peated with various mode© of propeller rotation and with 
asymmetrical power. If the airplane propeller charactoris 
ties cannot bo closely reproduced by one model blado angle 
blado-anglo tests should. bo made. 



II. SU&OESI3D VISD-TUSE3L GP3EATIUG- CSCHITIQ/JS 
PIS CUSS I OS CI EES OHITSRIOITS 0? SIlilLITUDS 



The tests to bo run and the airplane power conditions 
to do used for thoso tests have now boon selected. Ehcro 
remains the .problem of • determining a simple, rapid v:ind- 
tunnel operating procedure that will properly simulate the 
power conditions selected. The critorions of similitude 
will be established, and the general methods used to esti- 
mate the numerical values of the airplane critorions and 
the methods necessary to reproduce those critorions for 
the model tests will be given in the following sections. 

Costs of models can never be oxpectod to exactly re- 
produce full-scale conditions unless the model is the 
airplane and the air stream has free-air characteristics, 
that is, flight terts. Ehis statement is fundamentally 
true for any type of test, power-off or power-on, becrurse 
there are always some conditions of similitude that cannot 
be met or that even conflict with other conditions. For- 
tunately, however, all the conditions are not of equ.~.l im- 
portance and, if the principal effects of the various 



19 



factors are reproduced, results that are correct for all 
practical purposes may "be obtained. 

In practically all power-off wind-tunnel stability 
investigation the effects of Eeynolds- number, turbulence, 
surface roughness, interference of omitted parts, Mach 
number, etc. are ignored. Eho only criterion of simili- 
tude that is usually met is that the model be built to 
scale with only a few omitted parts. In making power-on 
tests the only important additional criterion of simili- 
tude is that the relative slipstream velocities be the same 
on the model as on the full-scale airplane. If the slip- 
stream is reproduced, the propeller forces will automatic- 
ally be reproduced because the propeller forces ar& equal 
to the increase in momentum of the. air in the slipstream. 
It would require a detailed air-flow survey of the region 
in and near the slipstream of both the model and the air,* 
plane to determine properly whether the slipstream has been 
reproduced. Such surveys are impractical and it becomes 
necessary to determine some simple criterions for reproduc- 
ing the slipstream. 

The important airplane slipstream characteristics may 
bo considered reproduced on the model when the thrust 
of f icienjL, the_ toxa' 110 onof f icjLojn t , and the normal- force 
"coei'f Lfiient of the model are the same as tho s"6™^T"'th'S""air- 
pTano . Hhosc critorions of similitude are based upon elo- 
mcntary momentum theory, which indicates that tho axial 
slipstream velocity ratio is a function of tho thrust co- 
efficient, tho ratio of the tangential to the axial veloc- 
ity ( helix ang le} is proportional to the ratio of the 
torque coefficient to tho thrust coefficient, and tho an- 
gular direction of tho slipstream is a function of tho 
normal-force coefficient and tho thrust coefficient. Iho 
efficiency may bo considered a criterion of the energy 
lost in the slipstream due to eddies, temperature rise, 
and altered velocity distribution. 

Fortunately, experience has shown that it is tisually 
not necessary to exactly reproduce the slipstream in or- \ 
der to secure satisfactory results in most power-on sta- ; 
bility investigations. The effects of each of the varia- ■ 
bios should be kept in mind, because experience has indi- 
cated that some of tho factors affecting these variables 
are relatively unimportant for some typos of tost on some 
airplanes. The same factors are of utmost importance for 
other typos of tost or for other airplane types. 
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D3TEEIIIFATI0IT OF PULL -SCALE PEQPELLEE CHAEA.CTEEI ST I OS 
Positive Thrust Condition 



Before it is possible to reproduce the airplane slip- 
stream conditions, it will bo necessary first to calcu- 
late the full-scale propeller characteristics expressed 
in coefficient forn. The methods used to calculate the 
propeller characteristics are sinple and straightforward. 
The thrust coefficient, the torque coefficient, and the 
nornal-f orce coefficient of the airplane propeller r.ust bo 
dot-orr.ined as functions of tho airplane lift coefficient 
for the various power conditions to be investigated. A 
knowledge of. tho advanco-dianetor ratio, the efficiency, 
and tho blade anglos of tho propeller is also highly de- 
sirable. • 

Only tho calculations necessary to determine the 
characteristics of a constant-speed propoilcr delivering 
chastens power will be outlino<? hero. The sane basic 
ii:.\ae are used, however, to calculate the characteristics 
of :L r ixcd~pit eh propellers or propeller -online combinations 
operating under other power conditions. 

Tho brake horsepower and the propeller s-pced and diar.i 
ctor are known. The procedure for tho calculations ic as 
follows (tho synbols used are standard SAOA sytitols and 
are defined in tho appendix) : 

i» Por several values of lift coefficient, cor.puto 
the airplane velocity V (ft/soc) fror, the formula 

v = /If / s::u 

V pS «/ -T. 

As the angle 6 has not yet been determiner?, it will 
be necessary to assuue a value of cos 3 ].; th?„t is, 
level flight trust be assumed. ITo appreciable error is in- 
troduced by this procedure, for the thrust coefficients 
calculated for use of level-flight conditions aro only 
rbout 3 to 5 percent low even in the high-lift range, and 
this small error will later bo corrected. 



That is, level flight velocity 
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2* Compute T L ji /nD for each value of lift coef- 
ficient 

3. Calculate the power coefficient Op by the fol- 
lowing formula 

_ engine power 
0-p = — ? — —4 

(actual)' pa D 



4. From a propeller-characteristics report (for ox- 
ample, reference 10) giving the characteristics of a pro- 
peller and nacelle combination similar to that of the air- 
piano, determine the Crp, T) , and P for the previously 
determined' values of " v 'i .p „./nD and Op. If the full- 
scale propeller differs very much in plan form and thick- 
ness from the assumed propeller, it may he desirable to 
correct the power coefficient Op for these differences. 
Hamilton Standard Propellers, Division of United Aircraft 
Corporation, has determined a correction for plan form 
called activity factor whore 

C p 

K A.P. = activity factor ratio ^cnart; 



C P 



(actual) 



and an approximate correction for blade thickness* In the 
absence of Hamilton Standard Propeller data, the activity 
factor may be computed by the formula 



1.0 

„ _ 100000 r ' c p"/r\ 3 , /r\ 



u 3 ^ 



0.3 



for the assumed (chart) propeller and for the actual pro- 
peller. She thickness correction may usually be neglect- 



ed 



5, Calculate the approximate thrust coefficient 
in terms of wi 

pressure from 



T c l _, in terms of wing area and level-flight dynamic 

• — • 



op 



^ nD ' 



(ZD" \ 
\ S J 



8. If airplane drag for the pr opoller-r ecovod condi- 
tion is available, or may "be estimated, nake an .estimate 
for the angle Q since 

. . -l f" c D power-.off\ 

e . twl ^ _ 

or approximately 



- 0t» 
.7 . ■ "■aot.'ar-i 



, / ~ c L.j 1 . "-"power-off \ 

8 ■ tan \ oi ; 

7, For a "better approximation to the true V / i:D , do. 
terr.il ne 



_ = ♦ * • / cos e 

nD nD v 

8, For the more exact thrust coefficient, determine 



c ~ ' J7 Nf S 



vhere the value of 0^ for (Y/nD) L ^ > nay "be used 



~ C 



3D 2 " c 



CO.S Q 



9* Conpute the propeller thrust coefficient in terns 
of the propeller dimensions, if- desired 



= *c\(-V) or * c = 



2D 7 (T/aD)' 
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10. Compute the torque coefficient Q c as follows: 



0 (J_\± 
JC T) VnD/ 3rr 



11* Calculate the propeller normal-force coefficient 
U c from G-lauert's equations by use of experinentally de- 
termined average propeller curves (see reference l) of K: 



q . K sin o N _ nornal force 



The full-scale pr opoller-thrust coefficient, the 
normal-force coefficient, the t or que coof fi cient , the effi- 
ciency, the blade-angle variation, and the advance-diameter 
ratio have no 1 ./ been determined'. Typical calculated charac- 
teristics are illustrated in figure 7. 

It should be noted. here that the airplane propeller 
characteristics just conputed are the estinated propul- 
sivo characteristics, not the actual forces or moments 
that really dotermine the slipstream motion. 

Methods for determining the amount of air flow through 
■the cowling have not been givon, but the air flow should be 
determined and reproduced on' the model, if feasible, bo- 
cause the air flow will affect the 'distribution of slip- 
stream velocities and may even be critical for some air- 
planes. 

Negative Thrust Conditions 

The negative thrust characteristics of airplanes arc 
difficult to estimate. In reference 11 is given a sum- 
mary of the data available on negative thrust characteris- 
tics along with a small amount of engine-friction data. 

She destabilising effects of model propellers operat- 
ing at negative thrust do not. seem to be very critically 
dependent upon the blade angle used. Jor this reason no 
attempt will be made to repeat hare the information given 
in reference 11. Some special flight conditions, however, 
such as the use of the propeller for a dive brake, may re- 
quire an accurate reproduction of negative thrust. 
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MODEL PP.0P3L1EH CHARACTERISTICS 



Propellers for the usual moderate- si zed wind-tunnel 
Models aro of fixed-pitch construction. Obviously, they 
cr.-.;not exactly reproduce the ch.irp.ctor i s c i c o of a full- 
scale c onotant-speed propeller "but, "by th3 proper soicc- 
tio:i of tho "blade angle, the errors due to this foot or may 
"be made nnite snn.ll. In figure ? are shown not only the 
calculated characteristics of a full-scale constant- p.pood 
propeller "out also the calculated characteristics of the 
propeller operated as a fi"od-pitch propeller sot at var- 
ious blade angles hut delivering the same thrust coeffi- 
cient F! • 

Pro.it these curve n it may he seen that, if a "blade 
angle of aoout 23° or 24° is used, the characteristics of 
the constant- speed propeller will "be reproduced r.lmost o-c- 
rctly "by the fi::ed-pitch propeller. Che calculated in- 
crement of pitching moment duo to the propeller normal 
force and to the chango in air-flow .angle at the tail 
caused "by tho normal force is also included in figure 7 » 
A constant "blade angle of aoout S3 0 or 24° reproduces 
these pitehing-momont increments ^ust as well as it re- 
produces tho propeller characteristics. These calculations 
for the constant-speed, the full-scale, and the fixed-pitch 
model propellers were all made from the sane propeller data 
•:r,d are therefore for geometrically similar propellers. 
Thoy do not include any Reynolds number effects, which may 
bo quite largo. IToto that this value of blade angle (23 ) 
applies onl^y to this model. A similar vaiue must bo calcu- 
lated for any other model or model conditions' . ■ 

It is often ncccr.srry, or at least convenient, !;o use 
model propellers that ore not geometrically similar to the 
full-scale propellers. The errors introduced by use of 
dissimilar propellers vary, of course, with tho dogroo of 
dissimilarity. In general, though, the error is not much 
greater than the error caused by using a blade angle ap- 
preciably different from the optimum blade angle, provided 
*h.*»t the propeller diameter used" is correct. This error 
may be fairly large, however, as may be soon by comparing 
two widely different blade-angle curves of figure 7. Er- 
rors dv.e -to uso of a propeller with the wrong diameter are 
a ^roat deal snore serious, because using tho wrong diam- 
eter affects not only tho rotational and normal veloci- 
ties and their distribution tut, more important, it alters 
tho ar.irl velocity, which is the most important effect to 
be reproduced. Every attempt should be made , then, to ob- 
tain the correct propeller diameter. If tho wron g diam- 
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o tor mu .sL±_jL3_UAQ. cL^ jjJajg^ $ h-£ u JS fe. ft Q. of fie i, on. t _ jDas,cd up on w ing 
area., should bo re-or Q.d u.c.e.d...r.atii.er --■-t^a&--^t^ho:...th.rji's : i;'' onSf 'f i - 
ciont "basod on disk a.roa. . 



OPERATING CHART POR I HE tflllD-SUBNBL OPE RAT OB 

.The most convenient method of determining the char- 
acteristics of the model propellers is to run propeller- 
calibration tests ■•/ith the clean model raountod in the 
tunnel at about zero lift, that is, to measure the effec- 
tive thrust coefficient, the torque cooffi ciont ,. and the 
efficiency for various values of V/nD and blade angle. 
The effective thrust coefficient based on model wing area 
and on dynamic pressure is determined fro^i the drag-scale 
roadings taken with tho propellers operating and with the 
propellers removed. Thus, 

T ' = 0 D - C D 

^propellers removed "^propellers operating 

The torque coefficients are determined either indirectly 
from calibrations of the model motors or directly from 
torque-meter readings. The efficiency may be calculated 
from the thrust, the torque, the motor speed, and the air- 
speed as measured. The propeller normal-force character- 
istics must be calculated, no simple method of measuring 
them being available. 

A slight error in determining experimentally the pro- 
peller thrust may be caused by the. fact that the effec- 
tive thrust for a given actual thrust may be different on 
the airplane and on the model if tho model cleanness or 
tho air-stream turbulence is greatly different from that 
of tho airplane. That is, tho olipstrcam velocity is de- 
termined by the actual thrust force - not tho effective 
■thrust - and the actual slipstream values should bo repro- 
duced. ' If tho transition is fixed at tho same point on 
the- model as on the airplane, this effect can bo partly 
eliminated, 

Tho blade angle for which the thrust, torque, normal- 
force, and efficiency characteristics most nearly repre- 
sent the characteristics o.f the airplane constant- speed 
propeller may be determined by comparing plots of experi- 
mental model propeller data with calculated full-scale 
propeller data similar to figure 7. The effective thrust 
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coefficient calibration for the selected blade angle is 
all that is required to determine the tunnel-operating 
conditions. In figure 8 is shown the evolution of a typi- 
cal tunnel operating chart "based .on effective thrust co- 
efficients alone for constant tunnel dynamic-pressure op- 
eration. 

The computed airplane effective thrust coefficients 
for various lift coefficients and power conditions are 
shown in figure 8(a). A model propeller calibration is 
given in figure 8(b), and a composite of figures o(a) and 
8(b) is given in figure 8(c). She composite curve shows 
propeller speed in revolut ions per minute plotted against 
lift coefficient for a given value of tunnel dynamic pros- 
sure . 

Although the tunnel dynamic pressure is maintained 
constant for the propeller calibration and for all the 
tests, the actual tunnel velocity may vary somewhat be- 
cause of changes in air density, which result in changes 
in the thrust delivered "by the propellers. Shis error is 
usually smell; in order to prevent its becoming large, 
the air density should be determined for each test and, 
if it varies markedly from the air density at the time 
that the propeller calibration was made, the operating 
charts should be corrected to the new density, 

The first series of tests should be tare tests or 
stabiliser tests, as it is not .important that the cxp.ct 
trimmed flight operating charts be used for these tests. 
She tares are fairly small quantities and the stabiliser 
tests are used only to determine the stabiliser effec- 
tiveness for the pitching-momont jet-boundary corrections 
and to determine the stabilizer angle for trim at cruising. 
If the first test is a stabilizer test, an operating chart 
similar to figure 8(c) is used. The second test, another 
stabiliser-angle test, is then made by operating the motors 
at the same speeds and at the same angles of .attack as for 
the first test. Prom these two curves a power-on lift- 
curve for trimmed flight coalitions can be obtained. A 
curve of trimmed lift coefficient plotted against tunnel 
angle of attack is given in figure 6(d). lor all succeed- 
ing tests made with this power condition, model condition, 
and blade angle, an' operating curve of propeller speed as 
a function of tunnel angle of attack is used. This oper- 
ating curve is obtained by combining figures 8(c) and 8(d) 
as shown in figure 8(e), the final operating chart. 
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The method of operating the propellers for yaw tests 
is quite simple. ' Tho model attitude is selected (high- 
speed attitude, clin'oing attitude, landing attitude, etc,) 
and tho propeller speed corresponding to that attitude for 
soro angle of yaw is set and maintained throughout tho yaw 
range tested. Although .this operating procedure is tho 
simplest possible, it reproduces the airplane-propeller 
conditions exactly for only small, angles of yaw. At larger 
angles of yaw, the representation is not quite so accurate. 
The lift coefficient usually falls off at moderate and at 
high angles of yaw hLn steady-state flight) and it would 
therefore "be necessary cither to change the flight atti- 
tude or to increase the airspeed in order to correct for 
this loss in lift coefficient at the initial angle of at- 
tack. The fact that either method of correcting for the 
loss in lift could he used "by the pilot indicates the dif- 
ficulties encountered in trying to represent exactly the 
flight conditions - at high angles of yaw. It ..is not ^usu- 
a lly conside red worth... while t o , ,u > .s.a_..any ■ mor,a- ; ^xact . .method 
gJL- 0_p3ratin£ the mod'el -propellers f or_- za^-JLg>s-t..-tlvan, to 
ma i n t a i n . c o n s t a n t . . p .g v£ll*a2L-a2&&L* 

III, TESTS 0? A POWERED MODEL 
MODEL AITD APPARATUS 

The model used was a l/5-scale model of a low-wing, 
single-engine, pursuit-type airplane. It was made of 
mahogany with a hollow fuselage in which the motor and 
the hinge-moment balances wore installed.. A three-view 
drawing of the model is shown in figure 1, 



TESTS 



Test conditions and •procedure .- The tests were made 
in the HA OA 7- "by 10-foot wind tunnel (references 12 and 
13) at a dynamic pressure of 4,09 po-ands per square foot, 
corresponding to a velocity of about 40 miles per hour at 
standard sea-level conditions. The test Reynolds number, 
based on this speed and a mean aerodynamic chord of IS. 32 
inches was about 500,000, The turhulence factor of the 
7- by 10-foot tunnel is l.S, so that the effective Reynolds 
number was about 800,000. The test procedure was similar 
to that indicated in part II. 
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Co efficient s .- The results of the tests are given in 
the i" or a. of standard r'ACA coefficients of forces and mo- 
ments? "based on model wing area, wing span, and mean aero- 
dynamic chord. All moments are taken about a center of 
gravity located at 26.7 percent of the mean aerodynamic 
chord (fir.* l) • The data are referred to the stability 
ax3s described ir. part I of the- present report. The coef- 
ficients are defined in the appendix. 

Cor rections The lift, drag, and pit ching-momcnt co- 
efficients have been corrected for iLares caused by the 
model support. These tares were obflrined ty preliminary 
tests with a dummy support for various model conditions. 
The effect of power upon the tares was estimated. 

The angles of attack, the drag coefficient, and the 
pitch.ing-mcment coefficients have been corrected for the 
effects of the tunnel walls. The Jet-boundary correc- 
tions applied were computed as follows: 

Induced drag correction, AO-n. = 6 4 ^L** (lO) 

Induced angle-of-attack correction, 

Act, = 5 I- C L (57.3) (11) 

Pit ching-mcment-coef f icient corre cti on , 

AC n = 8b 5- C ^ (57 ' 3) (12) 

All corrections are added ' 1 0 tunnel data. In. equa- 
tions (10), (11), and (12) 

8 .jet-boundary correction factor (C.123/ 

o r additional ;jet -boundary correction factor (O.l) 

C tunnel cross-sectional area (69.55 sq.ft) 
" 0 

change in pi t ching- moment coefficient per degree 
ca t change in stabilizer setting as determined by 

t e st s 

"0 .jet-boundary corrections were* applied to the 
yaw i n g- -and rolling- moment coefficients. 
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BE SUMS 



Characteristics in -pitch .- The results of the pitch 
tests of the model with various power conditions are given 
in figures 9 to 12. Examination of these figures reveals 
the following fact si 

1. The effect of propeller, operation was destabilis- 
ing whether or not power was applied (figs. 9(a) and 9(h)). 
The windmilling propeller decreased the slope of the curve 
of pitching moment against lift about 25 percent "below the 
propeller-removed value* Application of power decreased 
the slope of this curve still further, "but the decrease 
was apparently not a direct function of the power applied. 

2o The application of power increased the slope of 
tho lift curve and the increase iiras approximately pro- 
portional to the amount of power (figs. 9(a) and 9(h)).. 
Tho maximum lift coefficient also increased with power 
(fig. 9(a)). 

3. An increase in pr opeller-blade angle slightly de- 
creased the slope of the pit ching-moment curve for. the 
full-power condition (fig. 10(a)) "but had no appreciable 
effect on the slope for the Propeller windmilling condi- 
tion (fig. 10(h) ) . 

4. The stabilizer effectiveness was constant through- 
out the lift range for the pr opeller-windmilling condition, 
Just as it usually is for the power-off condition. This 
effect is shown by the pit ching-moment curves of figure 
11(a), which are approximately linear and parallel. The 
stabiliser effectiveness increased with increasing thrust 
coefficient for power-on operation. This effect is shown 
by the diverging pit ching-moment curves of figure ll(b) 
where the slope of the curves decreases with decreasing 
positive values of stabilizer angle. (The thrust coeffi- 
cient .increases with, lift coefficient.) 

5. The elevator effectiveness and the slope of the 
pit ching-moment curves "for the various deflections (fig. 
12) and power conditions wore affected in the same way 
that the stabilizer effectiveness and slope wore affected. 

Oharact eristics in yaw .— The results of the yaw tests 
of the model are presented in figures 13 to 17. The fol- 
lowing points are worthy of note: 
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1, Power increased considerably the pitching moment 
due to yaw (figs. 13,. and 16). 

3» Che slope of the yawing-monent curve 30 n /S\J/ nsar 
zero yaw was increased "by power (figs. IS, 14, 15, and. 16). 

3 „ Che yawing moment at zero yaw was positive propel- 
ler-removed "but became quite large negatively as power was 
applied (figs. 13, 15, and 15). 

4« Power increased the slope of the lrrt or a 1-f orco 
curve 90y/3l|/ (figs. 13, 14, 15, and 13). 

5, Power decreased the slope of the r olling-noment 
'curve aOj/a\|/ (figs. 13 and 14). 

6, In the high-speed attitude where ths lift, the 
thrust, and the torque coefficients were low, changes in 
propoller«-blade setting had no measurable effect on the 
aerodynamic characteristics (fig. 15(a). In the climb at- 
titude whore the lift, the thrust, and the torque coeffi- 
cients were moderately large (fig. 15(b)) an increase in 
blade angle increased the negative yawing r.oment at zero 
yaw but did not change the slope of the yawir.g-rom~nt 
curve near aero yaw appreciably, decreased the rlope of 

the rolling-moment curve, end decreased the positive ruddor- 
hinge-momont coefficient near zero yaw. 

7, Che. rudder effectiveness was increased by power 
and was not symmetrical about sero yaw (fi£» 15). A'-rout 
-5 U rudder deflection was required to .trim the model at 
zero yaw for the climb condition of figure IS. 
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E ffect of •power on char a cteristics in -pitch .— She 
component effects of power on aerodjrnamic characteristics 
of single-engine tractor r.onoplanes are described ?.:id 
me.thods are given for their evaluation in reference 1. A 
brief discussion of power effects, induction effects due 
to the slipstream boundaries being neglected, follows: 

Che direct effect of the propeller forces may b'j con- 
sidered separately as the effect- of the thrust force and 
of the normal force. As .tho thrust asis does not usually 



pass through the contcr of gravity, tho thrust produces a 
pitching moment about tho center of gravity. This pitch- 
ing moment increases with lift coefficient for constant 
power operation because the thrust coefficient increases 
with lift coefficient. If tho thrust axis is above the 
center of gravity, the resulting moments will he stabiliz- 
ing-. The propeller normal force also produces a pitching 
moment about the center of gravity because it acts in the 
piano of the propeller. This pitching moment is destabi- 
lizing for the conventional tractor arrangement. Roughly, 
half of the total increment of pitching moment given in 
figure 7 is due to tho direct effect of the normal force. 
The decrease in the slope of tho pit ehing-momont curve 
with increase in blade angle illustrated in figure 10(a) 
is caused by the change in normal force with blade anglo,' 
tut this effect is partly masked by the changes in slip- 
stream distortion also associated with changes in blade 
angle. ■ 

The slipstroam may be broken into components of ax- 
ial velocity, normal velocity , and angular velocity. Tho 
axial velocity rosuits in an incroaso in the dynamic 
prossuro over the wing, ,tho fuselago, and tho tail, thus 
increasing the various aerodynamic forces and moments of 
these parts. With tho flap neutral, 'tho change in wing 
pitching moment duo to the axial velocity is usually neg- 
ligible. With flaps deflected, howovcr , the change is of- 
ten large enough to make the model without tail stable for 
full-rat ed-power conditions. This condition results from 
the fact that, although the models with flaps deflected 
and without tail are unstable, rower off, the pitching mo- 
ments are. usually negative. The slipstream then increases., 
these negative moments. The increase is greater in the 
high-lift range than in the low-lift range becauise the 
slipstream ■ velocity ratio increases with lift coefficient 
for constant-power operation. 

The axial velocity of the slipstream increases the 
elevator and stabilizer effectiveness, provided that the 
slipstream passes over the tail surface. The change of 
velocity at the tail with lift coefficient is destabilizin 
if the tail lift is negative (down) and stabilizing if the 
tail lift is positive (up). The -destabiliz ing downwash ■ 
at the tail is increased by the. axial component of the 
inclined slipstream. It may be noted that for cases where 

/ri f \ 

the tail surfaces have a destabilizing effect ( — - >' 1), 

\dq / 

an increase in tail area will increase the instability, 
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Eho velocity normal to the slipstream axis increases 
the down wash at the tail. Approxinat ely half of tho cal- 
culated total increment of pitching moment duo to the 
propeller normal-force effect, as shown in figure 7, is 
duo, to the increased downwnsh caused "by the normal force. 

Eho angular voiocitios in the slipstream do not seen 
to have a very largo direct effect on pitching moment 'be- 
cause thoy increase the dovnvash on half of the wing and 
tail by about the n.nount that they decrease the dewnwash 
on the other half. Of course., the wing distorts the slip- 
stream in such a way that the angular-velocity distribu- 
tion at the tail is "by no means perfectly symmetrical. 
Thus, the effect of the angular velocities upon the pitch- 
ing moments will depend in a large measure upon the way 
the slipstream is distorted by the wing. 

Ef fect of po wer on characteristics in yaw.- Ehe 
changes in the lateral characteristics due to power will 
be considered in two parts: first, the chp.nges caused 
by the propeller forces, and second, the changes caused 
by the resulting slipstream. She direct effect of the 
propeller forces and moments may be broken into components 
of thrust,, normal force "(force parallel to Y axis), and 
■-orquc. j?or the usual single-engine tractor airplar.o, tho 
thrust axis and the center of gravity lie in the plane of 
symmetry and, as a result, the thrust forces have no ef- 
fect on the rolling or tho yawing moments (about the sta- 
bility axes). The propeller normal force lies in the 
plane of the propeller and therefore produces a yawing 
momont ?.bout tho center of gravity. The magnitude of tho 
yawing moment depends upon tho propollor-oporating condi- 
tion but is always destabilising for tractor airplanes. 
Hho reaction of tho propeller torque is transmitted to tho 
airplane and causes a moderate rolling momont and a small 
yawing moment aboiit tho stability axes. 

Ulio increase in dynamic pressure over tho vortical 
tail surfaces causes an increase in rudder effectiveness 
with powor when the tail is in the slipstream. As tho an- 
gle of yaw is increased, the tail surfaces pass out of 
the slipstream and the rudder effectiveness is decreased 
to tho powor-off value. Because of tho deformation of 
the slipstream due to tho wing (reference 1-i), the tail 
usually moves out of the slipstream sooner when yawed 
positively than when yawed negatively (for right-hand pro- 
peller operation) and the variation of rudder effective- 
ness with yaw is not symmetrical .about zero yaw (fig. 16). 
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The increr.se in dynamic pressure over the fuselage . and tail 
surfaces contributes to the changes 'in pitching moment due 
to yaw. The decrease in the effective dihedral caused by 
power is believed to be partly due to the fact that, when 
the airplane is yawed, the slipstream is deflected over the 
trailing-wing panel and increases the dynamic pressure and, 
consequently, the lift of the trailing wing. This in- 
creased trailing-wing lift (and decreased leading-wing 
lift) results in a rolling moment that increases with an- 
gle of yaw but is of opposite sign to the. normal (desir- 
able) dihedral effects. This difference in the dynamic 
pressure upon the two sides of the wing panel also con- 
tributes to the yaitfing moment due to yaw. The position 
of the center of pressure of the vertical tail with respect 
to the X axis determines the influence of tho increased 
tail effectiveness upon tho dihedral effect. 

Although it has not been definitely established, it is 
thought that the effect of wing- fuselage interference upon 
tho rolling and yawing moments due to yaw (reference 15) 
may bo increased by the increased dynamic pressure of tho 
slipstream. Thus, the adverse effects of interference on 
the effective dihedral of low-wing monoplanes would be in- 
creased and the' favorable effects of the interference for 
high-wing monoplanes would also be increased. The .same 
reasoning indicates that the favorable interference upon 
weathercock stability of low-wing monoplanes would be in- 
creased, and the unfavorable interference of high-wing 
monoplanes would also be increased, Because the sidewash 
angles at the tail are determined as a voct or .. addition of 
the various components of air flow due to the wing, the 
fuselage, and the slipstream, the c?,xial velocity has a 
rather largo direct influence upon tho sidewash angles of 
tho tail* 

The velocities normal to the axis contribute toward 
the sidewash angles of tho air flow passing over tho wing, 
tho fuselage, and the tail. One of tho effects of the 
sidewash at the wings is to resist tho undesirable dis- 
placement of the slipstream, which decreases the effective 
dihedral. The sidewash at the fuselage and at the tail 
surfaces changes tho angle of attack of tho fuselage and 
the tail surfaces and thus decreases tho slope of the 
yawing-momont curve . 

Tho rotational velocities in tho slipstream alter tho 
angle-of-attack .distribution of that portion of tho wing 
immersod in tho slipstream and thereby produce a rolling 
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moment. The rotational velocities over the wing and the 
fuselage, together with the increased dynamic pressure in 
the slipstream, produce rather powerful yawing moments. 
The power-on yawing- moment curve obtained without tail 
surfaces is usuall;/ markedly unstable, is unsymmetri cal 
about zero yaw, and has a larger negative yawing moment at 
zero yaw. The yawing moment at zero yaw is usually in- 
creased negatively by the tail surfaces for full-power op- 
eration even though the vertical tail is offset 1° or 3°. 
These rotational velocities account in a large measure for 
the effects of changes in propeller-blade angles. 



OOUCLUSIOKS 



Fower had a considerable influence on both the longi- 
tudinal- end lateral-stability and the control character- 
istics. On single-engine, low-wing models, power de- 
creased the longitudinal stability and the effective dihe- 
dral. The directional stability and the rudder and eleva- 
tor effectiveness were usually increased by power. 

Power-off tests' of models may give results that are 
misleading with regard to the static stability of the full- 
scale airplane; whereas power-on tests give results that 
are in close agreement with flight tests. 
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APPENDIX 
COJSPPICIEM! A3TD SYMBOLS 



resultant-drag coefficient- f—-^) 

\qS / 

lateral-force coefficient f-^r ) 

VqS / 



lift coefficie 



ient fkllh 
ViS/ 



rolling-moment coeffici-ent about center of gravity 
pit ching-moment coefficient about center of gravity 
yawing-moment coefficient aoout center of gravity 

\c[S-by 

r H e \ 

elevator hinge -moment coefficient (— ) 

\q.S e c G / 

f E T- \ 

rudder hinge-moment coefficient = — 1 

\qS r c r / 

effective thrust dick-loading coefficient ( — g^g- ) 

\ oV D / 



effective thrust coefficient 



torque coefficient ( — 8 — ^\ 



pV 



pV" 

propeller normal-force coefficient f n ormal force N 

V pV 33 / 

thrust coefficient ( — 

VpnW 



resultant drag, positive when directed backward 

lateral force, positive when directed to right 

rolling moment about X axis, positive v/hen it tends 
to depress right win;* 

pitching moment about Y axis, positive when it tends 
to depress tail 

yawing moment about Z axis, positive when it tends 
to retard right wing 

elevator hinge moment, positive downward 

rudder hinge moment, positive toward left 

dynamic pressure ( p ?' | (4,09 lb/sq ft) 



win/;; area (9.44 sq ft) 

mean aerodynamic chord (1.36 ft) 

wing span (7.46) 

elevator area back of hinge (0.621 sq ft) 
rudder area back of hinge (0.471 sq ft) 
root mean square elevator chord (0,264 ft) 
root mean square rudder chord (C.405 ft) 
effective thrust, lb 
engine torque 

mass density of air, slugs/cu ft 
airspeed, ft/sec 
propeller diameter (2.0 ft) 
propeller speed, rps 
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and 

a .an.'le of attack of thrusb line, deg 
de 

— rate of change of downwasli angle with an.?le of attack 
aa 

\|/ angle of yaw, positive when nose of model moves to 
right, deg 

i-f; angle of stabilizer setting with respect to thrust 
line, positive with trailing edge dawn, deg 

S e elevator deflection with respect to stabilizer chord, 
positive when trailing edge of elevator is moved 
down, dog 

8 r rudder deflection, positive when trailing edge of 
rudder is moved to loft, dog 

8 f flap deflection, positive when trailing edge of flap 
is movod down, dog 

8 a aileron deflection, positive when trailing odgo of 
aileron is moved down (subscripts R and L de- 
note right and left ailerons), deg 

V/nD advance-diameter ratio 

P angle of propeller-blade setting measured at three- 
quarter radius ' 

3ST number of "blades 

K constant- (determined from fig. 4, reference l) for a 
three-blade propeller 

6 angle of climb of airplane, deg 

Cp chord , of propeller blade element 

r radius to blade element 

R propeller radius 



A. P. activity factor 



1 . o 

n 

100000 
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J R VRy a \&J 
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Kj. -p aetivitr-f act or ratio 
¥ airplane weight 



She subscript I. P. indicates levol-f light condition?. 
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Table 1 



TABLE I. - TESTS REQUIRED FOR DETERMINATION OF 
LONGITUDINAL STABILITY, CONTROL, AND TRIM 

fFor each test, the angle of attack covers the entire 
range. Each test should be made with zero values of 
angle "of yaw, rudder deflection, rudder- tab deflection, 
aileron deflection, and aileron- tab deflection. Values 
should be read for lift, drag, pitching moment, elevator- 
hinge moment, and powerparameters on each test J 





Flap 

condition 


Landing 
gear 
condi- 
tion 


o uauix— 

4 fan 

zxecbxon 


suxQ va— 
ior ue— 
xxec bxon 


Eleva- 
tor-tab 
deflec- 
tion 


rower 
cona.1— 
bion 


1 


Neutral 


Up 


a 1 


Zero 


Zero 


Full 


2 




—do- 


b i 


— do— 


— do— 


Do. 


I 


Deflected 


Down 


a 1 


— •«do— 


— do— 


Do. 




——do— 


—do— 


. "i 

b i 


— do— 


— do— 


Do. 


5 


(3.0 


—do— 


a 1 


—do— 


—do 


Wind- 




—do— 


—do — - 




— CO— 




milling 


0 


b A 


—do— 


Do* 


mm 

7 


—do— 


—do— 


Trim at 


ai 


—do— 


Do. 


ft 
8 






cruising 








A -— 

—do— 


--do—-** 


—do— 


—CIO—- 


- Do. 


9 


— do— 


— do— 


—do— 






Do. 


10 


— — do— 


— do— 




1 

ai 


—do 


Half 


11 


—do— 


—do 


do 


bl 


—•do— 


Do. 


12 


... -do— 




do 


cl 


—do 


Do. 




.... do— 


—do 




al 


— do— 


Full 


s 


—-do— 


—do— 


—do— 


bl 


— do— 


Do. 


15 


do 


—do- 


do 


°i 


—do — 


Do. 


16 


Neutral 


Up 


— do— 


Si 


— do— 


Do. 


17 


mm—mmm» fl^Q ~m — • 


— do— 


—do— 




—do 


Do. 


IS 


do 


—do 


do 


cl 


—do 


Do. 


19 


— do— 


—do 


—do— 


al 


— do 


Half 


20 


—do— 


—do- — 


do 


bl 


—do 


Do. 


21 


—do— 


— do 


do — - 


°1 


—do— 


Do. 


22 


do 


——do- — — 


do- — 


al 


al 


Do. 


11 


—do- 


— do 


do 


— do— 


—do 


Full 




Deflected 


Down 








Wind- 














milling 



1 Values a, b, and o indicate numerical values (not 
zero) of deflection angles. 
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Table 3 



TESTS REQUIRED FOR DETERMINATION OP STABILITY, CONTROL, AND TRIM 

ffor each test, the angle of yaw oovers the entire range, the 
stabiliser i.s set for trim at cruising, the elevator-tab de- 
flection is zero. Values of lift, drag, pitching moment, yaw- 
ing moment, rudder-hinge moment, rolling moment, lateral force, 
and power parameters are read for each test. Values of eleva- 
tor hinge moment are read for tests 1, 6, 11, 16, 21, and 22, 
Values of aileron hinge moment are read for tests 1, 11, and 
25 to 323 



[est 


Flap 
condition 


Landing- 
gear 
condi- 
tion 


Angle of 
attack 


Eleva- 
tor de- 
flection 


Rudder 
deflec- 
tion 


Rudder— 
tab de- 
flection 


Aileron 

v A * 9 W 


Power 

oondl. 


I 


Neutral 


Up 


High 


Trim 


Zero 


Zero 


Zero 


Full 








speed 












2 


——do— 


..do— 


... do— 


— do— 


al 


do— 


— do— 


Do. 


3. 






—do— 


— do— 




— do— 


—do— 


Do . 


i 


— do— 


a * R> do ia ' aa 


...do— — — — 
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o 1 


— do— 


«»^d0 


Do * 




— -do— 


—do 


— -do-— 
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dl 


—do— 


— do— 


Do. 




— — do— 


— do— 


Climb 
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(e) Pinal tunnel-operating chart for the clean model; full-rated 
power; 0, 15°. 

Figure 8.- Concluded. 
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